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ABSTRACT

5'AMP-activated protein kinase (AMPK) is one of longevity-related genes, which
promotes health and wellbeing by regulating glucose, lipid, and energy metabolisms.
Recently, it has been revealed that AMPK is also associated with regulating skeletal
muscle mass. However, the precise mechanism of AMPK-mediated regulation of
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muscle mass is not fully clarified. In the present study, we examined mechanisms by

which AMPK coordinates muscle mass. Wild type mice (WT) and muscle-specific

AMPK inactivated mice (AMPK-DN) were used in this experiment, and soleus

muscle atrophy was induced by 2-week hindlimb suspension. Soleus muscle atrophy
was greater in WT group than AMPK-DN group. In WT group, mRNA of muscle-
Ring finger 1, which promotes protein degradation in muscle, was upregulated, but not

in AMPK-DN group. In addition, Akt/mammalian target of rapamycin/p70 s6 kinase

pathway, which promotes protein synthesis in muscle, is activated more in AMPK-

DN group compared with WT group. In conclusion, a longevity-related gene, AMPK

negatively regulates skeletal muscle mass through upregulating protein synthesis

pathways and downregulating protein degradation pathways.
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(WT) & BH#&5 5 R AMPK Ri&E L~ o 2
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LAE I AHNOAHRED & UREBRERIC ]
BIU2HMOBERBT L 2HWELToAL
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PRI NIz WT TIZY YR Bz Ry
% muscle Ring-finger 1 ® mRNA 335 L7z
#%, AMPK-DN TIZZEALA otz T/, ¥
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FHITHODOFREREHELT 5T L1, BEHFM
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T, BEHFEERETFLEELITHI LD, #F
IERRCEIHN OB & LTHEEZHY
T3, REMERGEFICHIARNZIOLL
T SIRT1 % Circadian Locomotor Output Cycles
Kaput (CLOCK), 5'AMP-activated protein kinase
(AMPK) 2FELTWw5b. #22TH AMPK it
CLOCK 2 % SIRT1Y o#l#icB5 L THY,
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B AMPK (3:E8) (FiRseE) AL, KR
R EORBIA L AL o THEHILL, 1>
2 VIREYTCHE, A v A Y IEAT R AR
i, FRIFERERIL, 7V a—r ey s BR
#1518, peroxisome proliferator-activated receptor
gamma coactivator 1-a (PGCla) Z4rL7/z3 b2
v PO THREOTTE, FABREORBHILR L,
PUILHE, PUMERRIFERIAER 3 2 SRR RDOFEB
CFET I EARBEATRS H 102
T, AMPK OfEHEALIZ Y v 87 BEH & E L
BEHEORD 2R T AW REITRIRS L TY
5210 ©%y, REWERET THSHAMPK
OEHALIZIBBHOBE L ®/O5—HT, RHRE
TRADEELZ LT HRENIZEZONS. L
7L AMPK % H.l & L BRHFEBERETLS B
BHBEORMIIBVWTED LS 2Ek#HZH-o T
LOMPIZDOVTIRIAREE o T, Lo
T, ChH RFMERETE2EELS €L L,
RILTERHICL o TEZ LWL THLODR
WCDOWTIIBER ORIATRS .

Z T TABE TIE, AMPK 124 5% 4 C,
AMPK DIE ALV BRI ORWELITEEE B
ZIZTONIZDOVT, AMPK EHZKT S8/
BIEFHEBRZ Y A LHERY Y % HEBIRET
52 EICEY, REBMERETOERILAEIEH
ORBEMEFIZ D OB EHL ML T L.

1. A &

1.1 ERYR

AEBRTRAERI2I6GEHOTHEGHEY
AMPK A~ & 1t~ 7 A (AMPK-DN) 12 [t &
MEFoEER < X (WT) 120C% Hwi,
AMPK-DN 16) |3 [ 3 & A% S BABH R 6345 1/
Y2 EDAFLE 2Ty AR, REHA2£2
ClIikE S h, WA 12 BB 5T L HE %
BOBELATHIMEECHE LA MEKIEHE
e L7z, REBRIZEMBALERENED 5B E
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BREICEOE, BRAERNFERRERRRO
A ABTRETERBSINL,

1.2 WEHE

v R e L, ONEBE (Pre) B3LUO
BECRERO 2B L. BREREFRO~ Y
22, 2EMORBEEL AN LA D, 280
DBERICAFHENRTILT, I AH D
WEAEAL, LI AHOBERELZER
L7, BBURERTERE RO), BREBEKTR
WEMAE 1AM RD BLU2:8M (R2) i
TYUAMBERL D LT A EBH L. Bon
b7 A, BRI AR A BRE L0
L, HBERLYAEL, WESERETHEVWTEHE
HFE L7z,

1.3 BREABSLIVUIIXE2>TOY ME

By TV BIT B N BRBEE OB
MELES A A=-RRN: 1 (AR -4
v 7 )V i& Protease/Phosphatase Inhibitor Cocktail
(5872, Cell Signaling Technology, Danvers, MA,
USA) #% ik Bl L 7z lysis buffer (CelLytic MT,
Sigma-Aldrich, St. Louis, MO, USA) % F \» C
REVA— P L, 20000 THELL Z20H EiFE
REIX L7z, BohikEdos 82 E (10
ug) ®75% D77 IVNVTIFFVERANTE
S k8 - 4> 8 (SDS-PAGE) L, polyvinylidene
difluoride (PVDF) * ¥ 7' L » (Hybond—P, GE
HealthCare, Buckinghamshire, UK) 2 & & L
7. T®ORX Y7L % Blocking One-P (Nakarai
Tesque, Kyoto, Japan) T 1K H 7o v ¥ > 7
L, # O {4 tris-buffered saline (TBS-T, pH 7.6)
T 10000 fif A B L 72 AMPK a 1 $T f& (07-350,
Millipore, Billerica, MA, USA) % 7= |4 phospho-
acetyl CoA carboxylase (ACC) Ser™ Hifk (3661,
Cell Signaling Technology, Boston, MA, USA), f
-actin i 14 (4967, Cell Signaling Technology),
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phospho-Akt Ser*™® #  f& (9271, Cell Signaling
Technology), phospho-p70 s6 kinase (p70S6K)
Thr®® Hifk (9206, Cell Signaling Technology) i
WIZTACT—BoA v Fax—bLI. DAY
7Ly &G L, TBS-T T 10000 i &ML 7
anti-rabbit 1gG (7074, Cell Signaling Technology)
EERTIRMES S, ThabFRERE
(ECL select Western Blotting Detection System,
GE HealthCare) * HWCTHMO ¥ Y37 Hi ks
WL BBy INonNy FIZEGRETY 7
I Image] (National Institutes of Health, Bethesda,
MD, USA) TERILL 7.

1.4 Y7IEA LRT-PCR%E

Wty T BT HRIETF (mRNA) EHE
DT, EEY TNVF A A RT-PCREIZTT-
7- 2%, RNeasy Mini Kit (Qiagen GmbH, Hiden,
Germany) % I\, Hi L 72 ERHARLD> O
RNA Z i U7z, dHill LZRNA Y~ 7 it
cDNA Synthesis Kit (PrimeScript RT Master Mix
for mRNA, Takara Bio, Japan) % F \» T ¢cDNA
2R E L 72, A L 72 ¢cDNA 12 Takara SYBR
Premix EX Taq I % i \» T, RT-PCR % 47 - 7=,
KEBEFOHBIIRI TRLALTIAIT—%
HWwTirto/z, WEMKIY ba—)L & LTI18S
ribosomal protein (18S) cDNA # HIv», 18S 24}
T 5 K MG FHRE L NV OMR YR EZ HE L
7=,

1.5 #ratanig
FTRTOPEMIZFY £ RERETRL

Bt 1 43 B AT % Fi, Tukey-Kramer O % 1 It
BRETHWTSERBL O/ V- 7HOLE Y
To7. BEAKEIIP<0.05 & L.

2. & R

M1y Ry r7uy bEEIZL DRIBLZA
AMPK a1 3 & UF ACC Ser™ 1) »Ei{k, B -actin %
YN HBEHOE R ZRY. AMPK-DN ¥ 7 A
X AMPK a1l ¥ ¥ 737 B % @ 3EBL L 7o @in -4
WAXIATHY, AWEIZBWVTH AMPK-
DN Y7 AZDA AMPKal % 737 HEEBH
Bani F7- AMPKIEMDIEEE TH 5 ACC
Ser™ Y VALY ¥ 87 B F B2 AMPK-DN ~
T AZBWTHEHALTHH, AMPK-DN ¥ 7 A
¥ AMPK {EMEAMET LT b Z &P RER E N7
WIFNROY T A, EIZBWTY f-actin ¥ ¥ /¥
7 BEBE B e o T,

WT AMPK-DN
Pre RO R1 R2 Pre RO R1 R2

AMPKa1
p-ACC

B-actin

1 AMPKal X UPACC Ser79 Y ¥ il (p-ACC),
B -actin ¥ » 8o B EEBEOEAL

21 EB L UHIEER, AESHL) OH
HEROZERT. FEIWIRTABIV
AMPK-DN ¥ 7 AD i & b (TR REIZL Y
WAL, BERER 1 B oREFT CRE L.
FLHEROELIFAKETH- 2. —H, FhED
7o) O RERIBEBBETHES L, BEHT 1
R THEE L7245, AMPK-DN ¥ 7 24 WT <

1 AEBRTEHLLT 7435 K

Primer Forward Reverse
188 5-ACTCAACACGGGAAACCTCA-3' 5-AACCAGACAAATCGCTCCAC-3'
MuRF1 5-AGGACTCCTGCAGAGTGACCAA-3 5-TTCTCGTCCAGGATGGCGTA-3'
atrogin-1 5-TGTCCTTGAATTCAGCAAGCAAAC-3'

5-TGTGGCCATCCATTATTTCCAG-3'
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body weight

a
i

Pre RO R1 R2

muscle weight

120 ~

100 + 9
B [IwT
=
it . AMPK-DN

Pre RO R1 R2
relative muscle weight

0.5 §
B 041 1
2 i
E 0.3 e
® 0.2+
goi1f

0

Pre RO R1 R2

2 BEBIUHRES GEH)OHEEROZE(L
Pre: M BEEE, RO: FEURE 2B EE, R1: KBRS 2 80
RIAESTE L AREE, R2: % RE 2B &I B% 6
T 2HM R T

T and §: significant effects versus Pre and R0, respectively

§: significant different between WT and AMPK-DN

n=3/group

SIRT1 activity
0.8
T
06 +
.‘é
= 04
£ D
* BB AMPK-DN
0.2+
0
Pre RO R1 R2
H3 SIRTLifEDZAL
T : significant effects versus Pre
T b AE— Y Vol. 35
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DAL YEEICEERRL.

X 3 12 SIRTL i D5 R % 7R3, SIRTI i %
i WT <7 X & AMPK-DN ¥ 7 A D WEEIZ 1
%<, MHRERICN L ERBORER 1 B 0@ S
L2 BTl L/ L7

4125 N TEERY 7 IVORIERTTH
% Akt Ser*™ 1) »ER{bIs X UF p70S6K The®® 1) >
BRALS > N7 B OEBLOM R % RT . Akt Ser?™
! ‘/W“‘ﬁ;ii-{»éilﬂa’zii&fé& 18HB XU 2 8RB
FEBEICIVRELL 2 WT < AR T
AMPK-DN 77 20 Akt Ser*”™ 1) »FEALAS & 1 15
filf 7% L7z, p70S6K Thr® 1) > Bl 13 74 i R 4R
2l EMOBERTICL VIREL DS, WT <
A & AMPK-DN =™ R IZ#EZRD LN ah o7,

ESIZy R BGMOMMKRTFTH 5
MuRF1 & atrogin-1 @ mRNA 5Bl #5 8 % 779

WT AMPK-DN
Pre RO R1 R2 Pre RO R1 R2
p-Akt R m_m _ ; m-m
P-p70S6K | i e &@rﬁgﬁ__-r' -
p-Akt
§
50+ _ijl_
S 40}
g
Q 30+
Q
220
B
2 10}
0

Pre RO R1 R2

p-p70S6K

Jwrt

AMPK-D
100 - L o

80
6.0
40
20 |

relative expression

0 re

4 Akt Ser'™) YL (p-Akt) 35 & Up70S6K Thr™?1)
¥ BEAL (p-p70S6K) 4 > 78 7 BB BLE- O 1L
T and 9: significant effects versus Pre and R0, respectively
§: significant different between WT and AMPK-DN
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MuRF1
100 §
g.
Q A
@
24
®
° 2
0
Pre RO R1 R2
WT
atrogin-1 D )
5.0 B AvVPK-DN
%43-
%3.0 =
220+
B
910-ﬁi1’
0 Pre RO R1 R2

E5 MuRF1H X Uatrogin-1 mRNARIHEDZEL
T and ¥: significant effects versus Pre and RO, respectively
§: significant different between WT and AMPK-DN

MuRF] mRNA 55 14 7% BORE LB 12 & b 80
L, EBREZ1IAMOBEFRTLIT) LI
LY EFICRA L. 72 AMPK-DN Y7 A0
FHWT <7 AN HAEfE %278 L7z, atrogin-1
mRNA F31 13 MuRF-1 & RO MM % 7R L 7275,
BELREIRD N o,

£ B

AMPK (3 EB)IZ L - THEMILE N, BEHIZ
BWTA Y R VIEERIHEEZIDAALD,

SRR E LD AA TS EAEREATHI L

PORRENI, BT L B EEEREL RO
L FELTEBENBE L IZRho7z. Pk, H
1) —HIRR VARG Fa— v h T v ED
PRI & > TH AMPK A &ML 5 2 & a8
by L5672 % g -1+ AMPK i SIRTL %1%
BALL, I Fav R TEERICEEZ PGCI-
a EHLT AT ENH D, RELFSTHS
FELTEZONTVSE Y L Lidss &
FBIZBWTIE, EBEFEWT &2 AMPK-DN < 77

A CIXFFAR < A &l LT SIRT 15412 5%
WiFBD b N eh ol (B13). AMPK HHEILIC
X ) NAD* »#m L <, NAD*{KHF MM 7 & F
WALEEE TdH 5 SIRT1 25EHEIL S 5 T & A%
AN o T B Y. KEFZ T T O NAD*
REEXIIE LT was, NAD* O vF—K
WBILEEEEEZ DL, AMPKDN <Y
Z Tt AMPK DAL 53F12 & ) NADY iR BEEH3—
FEIZfR7zN, SIRTLIERICEE 2 ozb DL
RSz, —F, BEEEEG 1 EANOEEAE
W& D SIRTL EMWASEH L7722, ThigEmL
R ER A 05 Z & T, —HOEHA
FriKREIC 2 b SIRTL IEHALIC O R dS o7z b D L
EZIbhb,

AMPK DOEMACIZ Y VRV B Y Vv %
FET S Z Lo, BREWHTE I L
HOPIR-TEY 217, EFRboTEEN
% AMPK OEHALIE, HOMA R IR 125
D TR HEMEPRETI2UREISEZEZONS.
ABFERICBWT S, AMPK iEWAET L<
AT, BEBECHE) €T AHOEMHEHIER S
7z (F2). Zhik AMPK 2B EEEICH
HLTWAZEZEKLTBY, AMPK {HEHED
WA AR O E R MO BRI AT TH
HAIEERTHIDTHA.

BRGOREALY ¥ 2 BOAE L HRD
NI VAWK THE SN TS, BB ¥
NRIBERICADDERELR Y 7 MMEEREKIZ
i Akt/mammalian target of rapamycin (mTOR) /
p70S6K & # A5 % 82D AKkt/mTOR/p70S6K #%
BOEMALIIHIBR 2 RE L, HEMLIHRT 5

CZEPHLRIZR TS, IThETIZ, AMPK

& E1LiZ mTOR/p70S6K ##% % FHET 2 & & A%
5NTBY, AMPK 2/ 9 2% oo A
T, mTOR/p70S6K REHs# IEHEALT 5 = & 12 &
D AR A BT ) IERERET B Z L A%h
PoTn5 B8 KRRz BNT, BERE
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% 1AM OEHAEIC L Y AkUmTOR/p70S6K #%
BAEME LT A EARENL (F14). LaL
Rhh, HBEMEREO Ak B X U pT0S6K it
21X AMPK-DN ¥ 7 A L BFFAERI< 7 2 TIXE W
WX or., LizH->T, AMPK-DN ¥ 7 A |2
B\ T IR AR I O 5 ZEAREER IR 1T 1L AK/mTOR/
p70S6K &% /- L7z v X7 BAKIZBES LT
WhaWnwEEZILNS. '
Wy BRI ERF - TaTT
V= ARVEELEHEHoTEY, it F
F 2 1) #— ¥ T % MuRFL * atrogin-1 D55
WIS ML ERET 5 51400 K 3 BRG

B vz meahic L, AMPK OFEMHL

7 MuRF1 % atrogin-1 S8 B O8I % A L THL
KEIF T LT L EHLPIZL T 5 (data not
shown). L7225 T, AMPK OFH#HETIZZh
5 XF ) H—EORH I LHZEEZ I
fl3 62 ENRERINDS. APIEOHERICBW
T3, HIEBEERO MuRFL BEETFHEH OB
&, AR~y ATHEEICEE /24, AMPK-DN
<7 ATIEERAEIMIBO b eho/z (E5).
23 Y, AMPK-DN ~ 7 A 2B} 5 %I IR ER
OHEFBRIC I EXF ) T —CHBET %
L7z d 32 B oflsBEEs L Twnas b o
EEZOLNS.

ARHfeid AMPK iEEAMET L 72 AMPK-DN ¥
v A% BT, AMPK 725 #5 i Hl N F o %
ENZDOWTHE 21To72. TOREE, UTD3 A
D EPFIITHLNIZ R o7,

1) AMPK {EHEAMET L2 REE CIZIE R IR
AT, BEBREICE) €T AHOEMOERT
%, 2) AMPK {EH2MET LZIRBEIZ B 2452
MEOBRIZIZ, ¥ o\ BEARY 7 FIVIEES L
%\, 3) AMPK EHEAMET L7ZIREEIZ B 515
EROBRIIE, ¥ o BHEY 7S VOGS
MRS 35, Dok HIil, AMPK ZT&RE
IHED BRGEOTILICESTAZE, FLT#

FH 2 b AR — R Vol. 35
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DAHZAXLO—WwELTLEXRF V) H—E
RHEEFPFLT, ¥R BESBE TS
EFHLPIC R o7z, —F, AMPK (&K T
L72REEIZBWTH, SIRTLIHEMIIELL T
WZ Edb, AMPK %4 L7- B 5 R 121
SIRTL 5 LTVWAWEEILND.

4. # 1B

KEfEICED, BEFEx b3 L3N
AMPK 2SBHEHEE BRI LT 5 2 L 2H
LAk o7z WES, AMPK %34 R0 43, iy,
FEB e & TR TGS 5 2 & HY g
OB DBLEZONTVED, KEfFETHSL
P o7z K 912, AMPK ZBEIZHEEILT 5
CERERHBEOBSERL LI YRR
W, EREFLENT S AT, BRHOAMRE
BEEMERT A LXK TH LY, BRHORY
MRFTAHILOVBOTEELRI L THDL. EED
X, AMPK # /.08 L-RFHEBGETF LS
LT BE CEELSELZ LI, HEO
BAORBCTRMERRELBEPRRZVEERT
Wb, 4% AMPK % &0 RFEMEEETFIC
LA REEENREHEHEITH X T, BHEHD
BHOAL b FROMENOBELZEREL T
CEPLELRoTLAHTHA).

.

TR #ZITTHIHI2Y, BEkzH) T LA
ARG RENAARLSTY ~ b AR— Y BHERE
BARICER AL L BV E . $AEEBRMBI & L
T2 & & LM R R FM R R OF
Wbk ISR 2 LT
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